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Summary

The energy-saving benefits of two 1lighting con-
trol strategies —— scheduling and daylighting -~ were
investigated at demonstration sites in two large com-—
mercial buildings. A continuously-dimmable lighting
control system was Iinstalled at the Pacific, Gas &
Electric Co. building in San Francisco and an on/off

switching system was installed at the World Trade
Center building 1in New York City. By automatically
scheduling the operation of the 1lighting systems to

conform with occupancy patterns, lighting energy con-
sumption was reduced 10 to 40Z. Several scheduling
techniques were investigated and the influence of
switching zone size on energy savings was examined.
Using photo-electrically controlled lighting systems
which switch or dim lighting in accordance with avail-
able daylight, the energy consumed for lighting in
daylit areas was reduced 25 to 35%. The influence of
clear and overcast conditions on the energy savings

associated with daylight- 1linked controls is dis-
cussed.
1. INTRODUCTION

As the cost of energy continues to rise, increas-
ing effort has gone into minimizing the energy con-
sumption of lighting installations. This effort has
evolved principally along three lines: the development
of new, more efficient lighting equipment, the wutili-
zation of improved lighting design practices (e.g.
task/ambient lighting systems) and finally, improved
lighting energy management practices. This paper is
concerned with lighting energy management practices
and how effective 1lighting control strategles can
minimize the excessive use of electric 1lighting in
buildings. :

Two frequently-encountered examples of excessive
use of electric lighting are 1) the provision of elec-
tric lighting during periods when & building is par-
tially or completely unoccupied and 2) the supply of
full electric 1lighting in daylit portions of a
building despite the availability of daylight to par~
tially satisfy lighting requirements. The waste asso=-
ciated with the first example has been exacerbated by
the construction of buildings without even wall
switches for the control of lighting. 1In these build-
ings, lighting circuit breakers are activated when
occupants first arrive and switched off at some point
after the workers and cleaning crew leave. Such
building operation clearly invites waste since inac-
cessible controls such as circuit breakers (which are
often in a locked electrical closet) are less fre-
quently used than more accessible controls.l In
regards to the second example, the widespread use of
inexpensive dedicated fluorescent lighting without the
means to control lighting has discouraged the use of
daylighting as a practical source of illumination for
visual tasks.

Many types of 1lighting control products are
available to reduce the unnecessary expenditure of
energy for lighting, but little data have been col-
lected to quantify the energy savings which results
from the implementation of lighting control strategies
in real building environments. In this report, we
will describe the energy-savings that were measured

when two lighting control strategies —- scheduling and
daylighting -~ were applied in two large-scale light-
ing energy management demonstrations in San Francisco
and New York City.

2. LIGHTING CONTROL STRATEGIES

The energy consumed for lighting in buildings is
a function of two variables: energy (kWh) = power (kW)
x time (hour). The purpose of lighting controls is to
allow the bullding manager dynamic control over these °
two parameters so as to satisfy the lighting needs of
the bullding occupants with a minimum expenditure of
energy. Several 1lighting control strategies are
avallable to manage lighting energy use in buildings,
although in this paper we are concerned with only two:
scheduling and daylighting. We will 1imit the discus-—
sion to fluorescent lighting systems since these are
the prevalent source of lighting in commercial build-
ings.

Scheduling

The purpose of scheduling is to provide appropri-
ate i1llumination levels and 1lighting patterns when
required and to switch lighting off when it is not.
Lighting control hardware which can automatically
schedule lighting operation fall into roughly three
categories:

® Personnel detectors which activate a lighting
circuit according to the presence or absence of
personnel in the area.

® Mechanical time-clocks which turn on lighting
in an area for a pre-set period of time.

# Computer-based, programmsble control systems
which turn 1lighting on and off according to a
pre-programmed schedule.

The present study is concerned with the performance of
computer-based, programmable control systems which are
useful for scheduling light levels in buildings where
occupancy patterns are reasonably well-defined and
predictable. For example, in commercial office build-
ings, the lighting system can be programmed to switch
on prior to the arrival of the occupants, (e.g. on at
7:30 am) and, upon departure of the occupants, can be
switched to reduced illumination levels for custodial
and security personnel. Most programmable control
systems incorporate a manual override mechanism so
that occupants who need to work outside normal operat-
ing hours can obtain 1lighting in their particular
zZones &5 NEecessary. Manual overrides are typically
wall switches although systems are available which
utilize telephone~computer interfaces so that lighting
can be overridden by occupants using their telephones.

Daylighting

In areas near windows or skylights, natural day-
light can be wused to partially satisfy lighting
requirements. Contemporary lighting design practices,
however, require that fllumination meeting some speci-
fied design illuminance criterion be provided at all
times a building is occupied. The sole use of natural



daylight does not lend itself to such eriterion since
daylight is not available in the evenings and daylight
illumination levels continually change with time, sea-
son, and sky conditions.

To exploit daylight as a source of illumination,
it 1is necessary to establish an interactive link
between the ambient lighting conditions and the elec-
tric 1lighting system. This can be achieved with a
photo-electrically controlled lighting system which,
by means of a photo-sensitive device, adjusts the out-
put of the electric 1lighting system based on the
amount of prevailing daylight. Lighting control
hardware which link electric 1lighting to available
daylight generally fall into two categories depending
on whether the hardware 1s continuously-dimmable or
digitally switched:

¢ Continuously-dimmable electric lighting sys-
tems controlled by photosensors which continually
adjust the electric lighting level based on the
amount of daylight striking the control photosen—
SOYE.

e Photo-relay-based systems which automatically
switch off perimeter lighting when daylight is
sufficient to meet lighting needs.

3. DEMONSTRATION SITE DESCRIPTIONS

In order to measure the potential energy-savings
associated with scheduling and daylighting under real

field conditions, two demonstration sites were
selected. The 30th floor of the Pacific, Gas & Elec~
tric Co. building in San Francisco was selected for

i{nstallation of a continuously dimming lighting con-
trol system while a programmable switching system was
installed on the 58th floor of One World Trade Center
in New York. The system at the P.G.&E. building was
designed to continuously dim large blocks of
luminaires using centralized power units to electri-
cally accomplish the dimming. The programmable light-
ing control system at the World Trade Center used
microprocessor—-controlled relays to switch lighting
loads on and off. (By connecting one relay to each
ballast in the lighting system, we could control indi~
vidual fixtures in this installation). Thus the
lighting controls at these two sites were functionally
dissimilar: the hardware at the P.G.&E. site permitted
continuous control over large blocks of lights while
the controls at the W.T.C. allowed only digital
switching but of individual fixtures. By using dif-
ferent lighting control hardware in these two demons-
trations, we were not only able to measure the
energy-savings with daylighting and scheduling at two
buildings under different building operating condi-
tions, but could also examine the control strategiles
using different techniques.

World Trade Center

Physical Site Description. The 58th floor of the
World Trade Center is located approximately half way
up the north tower of the World Trade Center complex.
The 58th floor occupies a 40000 ft2 area but only
26000 f£t2 is usable office space. The remaining 11000
ft2 is core space where airshafts, elevators and cor-
ridors are located (Fig. 1).

Approximately 95% of the usable space is open-
office 1landscaped with 5 ft high partitions located
between adjacent work stations to provide privacy.
The remaining 5% of the usable floorspace is used for
conference rooms and a library which are enclosed by
ceiling-high partitions.
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Fig. 1. Floor plan of 58th floor World Trade

Center showing 1000 square foot light=-
ing sectors and daylighting zomnes.

The window wall enclosing the 58th £loor is
identical to the other floors of the tower and con—
sists of 58 window elements per side. Each window is

15" wide and 87" high with adjacent windows on 34"
centers. The window-to-wall ratio is about 0.4. Win-
dows are fitted with diffusing, low-transmittance

fabric drapes which can be drawn by the occupants when
required to limit the direct solar gain into the per—
imeter.

The 58th floor housed part of the engineering

staff of the Port Authority of New York. The staff
consisted of engineers, architects, draftsmen,
administrators and clerical support. Visual tasks

included drafting, writing, reading, and typing.

The lighting system on this floor consists of 450
six-lamp recessed fluorescent fixtures with prismatic
diffusers. The fixtures are 8 feet long and approxi-
mately 18 inches wide. Each fixture houses six 35—
watt lamps: pairs of lamps are connected to two-lamp
ballasts as shown in Fig. 2.

The power density of the 1ighting system .origi-
nally installed on this floor was approximately 4.4

watt/ft2. In 1973, however, the Port Authority
relamped the floor with 35 watt lamps and delamped
over areas requiring less illumination. Thus the

l1ighting power density at the time of the demonstra-
tion project was 2.6 watts/ft2.

Lighting Control Hardware. A programmable light-
ing control system was installed on the 58th floor.
This computer—controlled switching system used low-
voltage relays to switch lighting loads on and off. A
centrally located microprocessor communicated with
remote transcelvers via a low-voltage data link. Each
transceiver controlled up to 32 relays which actually
accomplished the load switching. The transcelvers
could accept inputs from occupant~activated switches
and photo-relays as well as from the central computer.
These occupant-activated switches permitted authorized




personnel to override the computer control when neces-
S8ary. The photo-relay 4nputs allowed appropriate
lighting loads to be switched off when daylight fal-
ling on the photo-relays exceeded a certain level.
Overrides could also be accomplished by means of a
telephone/computer interface. This allowed workers to
change the 1lighting pattern by using their own tele~
phones.

Installation of Lighting Control System. The
multi-ballasted fixtures were wired so that groups of
fixtures could be set to any of four lighting levels.
By using the relays to switch the two pairs of out-
board tubes separately from the inboard tubes, four
light 1levels 0, 1/3, 2/3, and full lighting —-
could be provided (Fig. 2).

Lighting Fixture

] | -
Relay e i 1 Relay
A c
} L

Relay B Relay On I Light Level
None 0%
B 33%
A+C 66%
A+B+C 100%
Fig. 2. Six~lamp Iluminaire from World Trade

Center showing relay connections for 4
light level operation.

To allow maximum flexibility for this
one relay controlled each ballast. For many tests,
the lighting fixtures were grouped inte 1000 £t
independently-controllable sectors, simulating a prag-
matic installation of this control system in a commer-
cial building in which two relays would control 1000
ft2 of 1lighting. Each sector was controlled by the
central computer, which altered the 1light levels
according to a programmed schedule and in response to
the signal from exterior-mounted photo-relays which
sensed the amount of daylight falling on each face of
the building. Fig. 1 is a plan view of the demonstra-
tion site at the World Trade Center and shows the
lighting arrangement wused for most of the lighting
control tests.

test program,

Instrumentation. The microprocessor used to con—
trol the lights in this installation was also used to
collect the experimental data. When the microproces—
sor changed the lighting arrangement for the floor (by
switching groups of relays on or off) it simultane-
ously recorded what that change was and at what time
it occurred. In this manner, a running record was
kept of the status of all the relays throughout the
system. Because there was a one—-to-one correspondence
between relays and ballasts, the lighting load for all
the lighting or any subset of lights could be deter-
mined by analyzing the relay activity record. In a
typical commercial building installation, this control
system outputs the activity record only to a hard-copy
printer. In this demonstration, relay status activity
was also recorded onto a magnetic data cartridge sys~
tem. After each experiment, a magnetic tape cartridge
imprinted with the experimental data was shipped to
Lawrence Berkeley Laboratory for processing and reduc-
tion.

In addition to the data collection system
described above, calibrated photometers were placed at
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selected locations to measure daylight and electric
light illuminance levels during different experiments.
Electrical signals from the photometers were recorded
onto & multi-channel strip chart recorder.

Pacific, Gas & Electric Building

Physical Site Description.
Pacific, Gas & Electric Company building occupies
26000 ft2 of gross floorspace. Of this total area,
approximately 19000 ft2 is usable office space, 4000
ft2 is corridors and 3000 ft2 is core space. The core
space, which includes airshafts, stairwells and eleva-
tors was not included in the 1lighting project (Fig.
3).

The 30th floor of the
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Fig. 3. Floor plan of 30th floor Pacific, Gas &
Electric Co. building showing daylight-
ing zones and placement of control pho-
tosensors.

About 92% of the usable office space consists of
individual or group offices separated by ceiling-high
partitions. All perimeter offices have the same depth
17 feet measured from the back wall to the window
wall (Fig. 3). The widths of these offices vary from
12 to 22 feet. Window-to-wall ratios for the perime-
ter offices range from .35 to .55. The occupants can
1imit the direct solar through the windows by drawing
diffusing fabric drapes.

The 30th floor of the Pacific, Gas & Electric
building houses engineers, managers and clerical sup-
port. Visual tasks include drafting, reading, filing,
and typing.

Standard recessed 2 x 4 fluorescent fixtures make
up the lighting system for this floor. While the
lighting system originally installed on this floor
used 3.7 watts/ft4, a recent de-lamping program had
reduced lighting power densities in the daylit and
interior zomes to 1.5 and 2.0 watts/ft2, respectively.



Lighting Control Hardware. The lighting control
hardware installed on the 30th floor consisted of four
major components.

® A photosensor which generates an elecirical
current in direct proportion to the illumination
impinging on its surface

@ An electronic control unit which sends a con-
trol signal to the dimming panels based on the
current from the photosensors

® A dimming panel which uses triacs to modulate
the current flowing in the lighting feeders

ballasts which
the fluorescent lamps in the lighting sys-—

® Special dimming core/coil type
drive
tem

The control signal from the electronic control unit
changes the phase triggering of the dimming panel tri-
acs thus varying the output of the electric 1lighting
system based on the amount of light falling on the
photosensors.

Installation of Lighting Control System. Instal-
lation of the lighting control system used at this
demonstration site required the following steps: 1)
replacing the existing ballasts with special dimming
ballasts 2) installation of dimming panels on each
feeder serving the overhead 1lighting system 3) re-
arranging the branch circuit wiring and 4) 1installa-
tion of control photosensors in selected offices in
each zone. All the branch circuits for the electric
lighting on the 30th floor are supplied by six main
feeders. Six lighting zones were created —— four per-
imeter and two interior -- by re—arranging the branch
circult wiring so that each main feeder supplied power
to only one zone. By installing a dimming. panel on
each feeder, the output of the electric lighting sys-
tem in each zone was independently controllable.

Since some offices allowed more daylight than
others, two offices typifying the range of daylight
conditions were selected from each perimeter zone and
control photosensors were installed in the ceilings of
these offices (Fig. 3). For each daylit zone, one
photosensor was installed in a maximally daylit room
(window-to-wall ratio .55) and the other sensor was
placed in a minimally daylit room (window-to-wall
ratio .35). Each pair of control photosensors were
wired to the control circuitry in parallel so that the

controlled according to the average of the light imp-
inging on both sensors.

Instrumentation. Power transducers were
installed on each of the s8ix feeders so that the
lighting load for each 2zone was measured indepen—
dently. The transducers were connected on the line
side of the dimming circuitry so that any power losses
due to heat dissipation in the control circuitry were
measured. Voltage signals generated by the six power
transducers were recorded at 15 minute intervals onto
magnetic tape using a datalogger and a data cartridge
system.

4. EXPERIMENTAL RESULTS

Scheduling

World Trade Center. A series of one and two week
experiments were conducted at the World Trade Center
to determine the energy-savings resulting from several
scheduling techniques and the dependence of energy-
savings on switching zone size. Each series of exper-
iments was designed to 1isolate the effect of one
varieble by keeping other factors as constant as pos—
sible. In one set of experiments, the scheduling
sequence was changed but the switching zones were held
fixed. In a second set, the schedule was kept con-
stant but different switching zone sizes were used.

An initial test was performed to simulate the

baseline operation of the 1lighting system before
scheduling. The lighting on the 58th floor had (along
with the other floors) been switched on and off by a

building automation system. All the electric lighting
for the floor had been switched on at 7:00 am and
switched off at 1:00 am the following morning.

1. Three Scheduling Techniques. In this set of
experiments, the three lighting schedules summarized
in Table 1 were investigated. The 1lighting fixtures
were grouped into independently- controllable zones of
1000 ft2 and these same sectors were used for all
three schedules described below.

The loose and tight schedules were similar except
that with the tight schedule the lights were turned on
slightly later in the morning and turned off slightly
earlier in the late afternoon as indicated in Table 1.
The tight schedule also included a 2/3 reduction in

light output of the lighting system in each zone was 11lumination level during the lunch-hour.
TABLE 1
SCHEDULE TIME PERIOD STATE COMMENTS

<7:30 all off early arrivers can override
7:30-5:30 all on

Loose Schedule 5:30-11:00 1/3 on late workers can override
11:00-1:00 stumble lights
>1:00 all off
<7:30 all off early arrivers can override
8:00-12 all on ‘
12-1 1/3 on Lunch time workers can override

Tight Schedule 1- 4:30 all on
4:30-11:00 1/3 on late workers can override
>11:00 all off
12-1 1/3 on Each sector lights activated

Off-Only by first arriving person

" Schedule 4:30-11:00 1/3 on
>11:00 all off late workers can override




In the off-only schedule, rather than turning the
-lights on automatically with the control system, the
first person to arrive in his or her sector in the
morning turned on the lighting for that sector manu-
ally using the telephone overrides described in the
preceeding section. At noon, the control system
reduced the lighting in all sectors by 2/3 and, as
individuals returned from their lunch-break, they
restored the lighting in their sector to full level
using the overrides. At 4:30 pm, the control system
reduced all sectors to 1/3 level for the cleaning per-
sonnel and switched all lighting off at 11:00 pm.

Figures. 4—-6 show the number of relays on versus
time of day for typical days from each of the tests
summarized in Table 1. (Since there was a one-to-one
correspondence between relays and ballasts, the number
of relays on is proportional to the Ilighting load).
The effect of overrides by early and late workers are
seen on the graphs. Fig. 6 shows the results for the
off-only schedule in which the first worker to arrive
in a sector turned on all the lights for that entire
sector.

Relative to the baseline
effect
lighting energy consumption was 30.5, 36, and 40.5%
for the loose, tight, and off-only schedules, respec-
tively.

lighting operation in

2. Switching zone size. In a second set of exper-
iments, the effect of zone size on the energy savings
associated with scheduling was investigated by apply-
ing the off-only schedule described in Table 1 to
zones of different sizes. The first test used Ilarge
switching zonmes in which entire quadrants of the floor
(about 7000 ft2) could be set to one of four Ilevels
(off, 1/3, 2/3, or on). The first occupant to arrive
in each quadrant would turn on all the lights in that

quadrant. 1In the second test, switching zones of 1000
ft2 were used. The functional dependence of energy
savings on switching zone size is illustrated in Fig.

7 which shows that, relative to baseline consumption,
energy use was decreased 28% with 7000 ft2 zones and
41% with 1000 ft2 zones. The increased energy savings
observed with the smaller zones is a result of the
reduced impact of overrides on noon-hour and after-

hours 1lighting loads when the smaller zones were
employed. Note also that with 1000 ft2 zones, not all
zones were switched on during the afternoon. This is

attributable to either zone vacancies when occupants
were out on site visits or the availability of suffi-
clent daylight in some zones to satisfy the needs of

those occupants. :
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Pacific Gas & Electric Building. The energy sav—
ings ~attributable ~to scheduling were determined by
comparing the average number of hours the lights were
. on daily before and after implementing the schedule.
Prior to scheduling, the 1lighting system had been
turned on and off from the circuit-breaker panels by
building security personnel. The lighting system had
been manually switched resulting in operating hours
that were highly variable, ranging from 11 hours to 23
hours a day. Baseline lighting use prior to schedul-
ing was measured over a four-month period. The solid
line in Fig. 8 1is a plot of the number of work days
during this period the lights were on for a given
number of hours. The figure shows that 16 hours of
lighting per day was most common. Sixteen hours of
lighting per day was also the statistical average for
the 80 weekdays examined. (This analysis does not
include the lighting use on weekends and holidays).
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Fig. B. Effect of scheduling on hours of light-

ing per day at the Pacific, Gas & Elec-
tric building

The scheduling hours used for this demonstration
selected to accommodate the needs of the office
workers and cleaning crew. Lighting for the floor was
turned on automatically at 6:30am on weekdays and
switched off at either 8:00pm or 10:00pm, depending on
the requirements of the cleaning persomnel. (On week-
ends, the lighting was scheduled to be off although
lighting could be provided when necessary by means of
override timer switches). With this scheduling pro-
file, 50% of the weekdays had lighting for 13.5 hours
a day while the remaining weekdays had lighting for
15.5 hours (dashed 1ines in Fig. B8). Since this
reduced the average weekday lighting hours from 16 to
14.5, the change from manual operation of the lights
to the use of the scheduling strategy with the control
system reduced the lighting energy consumption by 10%.

were

Daylighting

World Trade Center. The lighting control system
at the World Trade Center utilized photo-relays to
detect exterior illuminance levels. The relacionship
between exterior flluminance levels and the amount of
daylight penetrating to various depths within the
building was analyzed using the Lumen~II computer pro-
gram. Based on this relationship the size of the per-
imeter and the mid-zone on each side of the building
was determined (Fig. 1). These eight zones consti-
tuted the daylit =zones in our analysis. Two photo-
relays of different sensitivities were installed on
each building facade pointing outwards. A compound
switching scheme was devised in which the 1lighting
control system executed a two-level lighting reduction
depending on the amount of daylight falling on the
photo-relays. The 1lighting control system was pro-
grammed to reduce the perimeter lighting from full to
1/3 level when the more sensitive photo-relay tripped
(at approximately 300 footcandles). A second reduc-—
tion was programmed to take place in the midzome when
the less sensitive photo-relay tripped (at approxi-
mately 1000 footcandles) reducing the mid-zone light-
ing from full to 2/3 1level. While other switching
technlques were also tested, the technique described
above proved most capable of maintaining the design
illumination level at the daylit zones.

While the programmable switching system adjusted
lighting levels based on the illumination levels meas—
ured at the photo-relays, the occupants were allowed
to override the programmed lighting pattern in their
zones and restore their 1lighting to full level if
necessary.
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Fig. 9 shows the effect of the compound daylight
switching technique on the lighting loads for all the
daylit zones (both perimeter and midzones) as averaged
over 8 working days in March. The lower line is the
load that would have resulted if overrides were not
permitted, while the upper line shows the lighting
Toad actually measured. Between the hours of 7:30 am



and 5:30 pm, daylight-activated switching would have
reduced the lighting consumption in the daylit area by
28%, however, due to overrides, the actual reduction
measured was 26.4%Z. These figures translate to 8% and
9% energy savings when applied to the entire floor
(which included both daylit and non-daylit =zones)
since only 327 of the floorspace can be daylit.

Pacific, Gas & Electric Building. A one month
test centered around the time of the winter solstice
was performed at this installation to measure the
energy-saving benefit of using mnatural daylight to
partially displace electric lighting in the daylit
areas of the floor.

The Ilighting control system was designed to
automatically adjust the output of the luminaires as
daylight levels changed in a zone so that a constant
level of 1light (electric plus daylight) was always
maintained at the zone”s control photosensors. The
i1llumination level to be maintained at the photosen-
sors was set by calibrating the control system at
night when the daylight contribution at the control
photosensors was zero. In addition to the calibration
procedure described above, the dimming circuitry was
adjusted so that the 1lighting system never dimmed
below about 45% of maximum light output. This precau-
tion was taken to minimize the possibility of harsh
shadows and large contrast ratios between the inside
and outside environments which might have occurred 1f
the electric lighting was allowed to dim very low.

The average effect of daylight dimming on the
electric lighting load is shown in Fig. 10 for the a)
northeast and b) southwest perimeter zones. The plots
labelled "“average” in the figure were generated by
measuring the electrie 1lighting demand at fifteen
minute intervals and then averaging that demand over
the 20 days of the test. To facilitate comparison
between different daylight zones, the electric light-
ing demand shown in these figures has been normalized
so that the baseline lighting load (i.e. without day-
lighting) 1s numerically equal to 1. For the
northeast perimeter zone, the average energy-savings
between 7:30am and 5:30pm is calculated to be 24%
while, for the southwest zone the energy-savings is
calculated to be 28%. Similar results were obtained
for the other daylit zones (data not shown).
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The reduction in average electric lighting demand
shown in Fig. 10 was greatest between the hours of
11:00 am and 3:00 pm when time-of-day electricity
rates are often at their highest and when peak demand
charges are most 1ikely to occur.

Since it was observed that a diverse range of
daylight conditions occurred during the test period
(ranging from densely overcast to bright sunny days),
the measured 1lighting power data was disaggregated
based on the prevailing daylight conditions. Such a
disaggregation was possible at this test site since
paralleling the daylight dimming tests on the 30th
floor, daylight availability data was also being con-
currently taken on the rooftop of the building using a
multiple array of pyronometers and photometers. A
pair of pyronometers, one shaded from the direct sun
by means of a shadow band, the other unshaded, were
used to classify the daylighting conditions according
to the criterion given below:

E _Ed P
overcast: & 92 <200 watts/meter
sin @
E ~-E 2
clear: S > 200 watts/meter
gin 6

where Eg is the global (sun and sky) horizontal irra-
diance, Eq is the diffuse (sky only) horizontal irra-
diance and © is the solar altitude measured from the
horizon. Rooftop pyranometric data and lighting power
data from each daylight dimming zone were recorded
simultaneously. Consequently, the lighting demand
data could be sorted into two categories - overcast or
clear - according to whether the direct normal solar
component exceeded 200 watts/meter2. (This eriterion
was selected to be consistent with results from the
Campbell-Stokes sunshine recorder which i1s wused for
measuring percent clear conditions.2)

The average lighting demand data broken down into
clear and overcast categories is plotted for the a)
northeast and b) southwest zones in Fig. 10. These
data clearly show that the energy-savings due to day-
light is greatly influenced by the intensity of the
direct normal solar component. In the southwest zone,
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Fig. 10. Effect of daylighting on lighting loads for a) mortheast and b) southwest perimeter zones using

daylight~linked dimming system at P.G.&E. building during winter.

Curves show lighting demand

averaged for all days and disaggregated by clear and overcast conditions.



Energy Savings at Demonstration Sites

TABLE 2
SITE
Strategy Pacific, Gas & Electric| World Trade Center
* Savings calculated for Scheduling 10% 30 - 40%
7:30am - 5:30pm. . . %| Daylit zones 26% 27%
Daylighting Entire floor 102 9%

the energy-savings calculated between 7:30am and
5:30pm on average clear conditions is 44Z, twice the
savings (212) calculated for average overcast condi-
tions.

The similarity of the overcast curve to the aver-
age curve suggest that overcast conditions were
predominant during the winter test. This interpreta-
tion 1s consistent with typical Bay Area weather con~
ditions.

5. DISCUSSION

Table 2 summarizes the energy savings accrued
from daylighting and scheduling as measured at the two
demonstration sites. The values given in the table
are the percentage reductions in lighting energy con-
sumption relative to the baseline consumption. The
percent energy savings attributable to scheduling was
significantly larger at the World Trade Center than at
the Pacific, Gas & Electric building since the base-
line lighting operating hours before scheduling were
longer at the World Trade Center. The reduction in
energy consumption due to scheduling at the WIC 1is
given as a range to reflect the range of savings from
the three scheduling techniques examined there.

The energy savings attributable to daylighting as
measured at World Trade Center and the Pacific, Gas &
Electric buildings are also shown in Table 2. If one
considers just the daylit zones, then the percent
energy reduction due to the use of daylighting 1is
roughly equivalent at both demonstration sites. This
result was somewhat unexpected since daylighting per-
formed with a switching system as at WIC is a discrete
approximation of the continuous dimming technique.
Hence, under equivalent test conditions, one would
expect the dimming technique to yield a larger reduc-—
tion in energy consumption.® However, the daylighting
tests at WIC and P.G.&E. were performed at different
times of the year. One can assume that, since the
daylighting tests at WIC were performed around the
time of the vernal equinox (when the length of day and
night are equal), the results measured then represent
a reasonable approximation of the energy-savings that
would accrue for the entire year. The daylighting
tests at the Pacific, Gas & Electric building, though,
were performed during the winter solstice and there-
fore reflect the minimum savings possible.

In order to permit meaningful comparisons between
the daylighting results from the two buildings we have
taken the energy savings measured at P.G.&4E. and
extrapolated the results over the entire year. Such
an extrapolation is possible since we have measured
the relative frequency of clear and overcast condi-
tions for approximately three years at P.G.&E. and we
have characterized the energy~savings with daylighting
for clear and overcast conditions in the previous sec-
tion. By weighting the energy savings under clear and
overcast conditions with the relative frequencies of
clear and overcast conditions for each month of the
year, we have calculated that, summed over all the
daylit zones, the energy savings attributable to day-
lighting range from a low of 26% (as measured during
the winter) to a high of 34% (as calculated for the
summer). These calculations are consistent with day-
lighting tests conducted during the summer and fall

(data not shown). Based on these calculations, the
dimming &system &t P.G.&E. is seen to be more energy-
conservative than the switching system employed at the
WIC.

In these studies we have only considered the
energy savings for lighting loads even though schedul-
ing and daylighting would also affect heating and
cooling 1loads. Computer simulation of commercial
building energy loads indicate that reducing 1lighting
loads also reduces the cooling loads. Although this
increases heating loads, studies have shown that with
properly designed window systems, the Increased heat-—
ing load can be offset by decreased cooling loads
especially 1in 1large buildings which are usually dom—
inated by cooling loads.4

6. CONCLUSION

As a result of these tests, we have shown that
there exists considerable potential for reducing
lighting energy consumption using daylighting and
scheduling as lighting control strategies. The use of
computer—-based lighting control systems for scheduling
light Jlevels on the basis of occupancy was shown to
positively impact lighting loads outside the core
operating times (7:30 am to 5:30 pm). These savings
were significant, ranging from 10 to 407 depending on
the 1lighting system operating hours measured before
scheduling. Using available daylight as a source of
1l1lumination to displace electric lighting loads was
shown to reduce the energy consumed for 1lighting in
daylit areas by 25% to 35%. Moreover, the lighting
load reduction with daylighting occurred during the
core operating hours when peak demand charges and
higher time-of-day rates would be in effect.
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